Abstract. Euphorbia subg. Esula is one of four major clades within the genus. A geographical analysis of the 466 species in the subgenus is reported here. Every species was assigned to one of 29 geographical elements clustered in ten groups of elements. This geographical analysis showed that the Tethyan group (comprising nine geographical elements) clearly dominates the subgenus and contains 260 species (55.79% of the total number of species). The most numerous geographical elements are Irano-Turanian (105 species) and Mediterranean (85). Other significant groups of elements are Boreal (91 species, 19.54%), East Asian (40 species, 8.58%), Madrean (26 species, 5.58%), Paleotropical (23 species, 4.94%) and South African (16 species, 3.43%). The area of the Tethyan floristic subkingdom is the center of the modern diversity of E. subg. Esula. It is likely that such diversity is the result of intensive speciation that took place during the Eocene-Miocene.
Introduction genus euphorbia and its taxonomy
The giant genus Euphorbia L. (Euphorbiaceae) recently became a subject of detailed phylogenetic and taxonomic studies. Four major clades (A-D) were identified in the first phylogenetic investigation of Euphorbia by Steinmann and Porter (2002) . These clades were later confirmed and formalized by Bruyns et al. (2006) as four subgenera: Euphorbia subg. Rhizanthium (Boiss.) Wheeler (recently an earlier name, E. subg. Athymalus Neck. ex Rchb., was found for this taxon - Peirson et al. 2013) , E. subg. Esula Pers., E. subg. Euphorbia, and E. subg. Chamaesyce Raf. The concept of four clades/subgenera was supported by further studies (Park & Jansen 2007; Zimmerman et al. 2010; Bruyns et al. 2011; Horn et al. 2012) and is now accepted by the majority of taxonomists dealing with Euphorbia.
For each clade/subgenus, new taxonomic systems based on robustly sampled molecular phylogenetic analyses have been proposed (Yang et al. 2012; Dorsey et al. 2013; Peirson et al. 2013; Riina et al. 2013) . In many cases the new systems significantly differ from traditional ones. For subgenus Esula , 21 sections were accepted on the basis of analyses of the combined ITS + ndhF dataset (Fig. 1) .
The next steps in understanding the evolution and systematics of Euphorbia will involve integrating data from traditional fields of botany (morphology, anatomy, karyology, plant geography, etc.) with the new classification systems for the genus and its subgenera -in other words, to fill the new Euphorbia system with morphological, geographical and other content. Riina et al. (2013) gave a short biogeographical sketch of the subgenus but their work did not involve a more detailed phytogeographical study. The present paper reports the results of my phytogeographical analysis of the species comprising E. subg. Esula.
concept of phytogeographical elements
The most important part of any phytogeographi cal analysis consists in assigning every species (of a flora or taxon) to a particular geographical element. Such assignments have been made in a number of floras (e.g., Davis 1965 Davis -1988 ; detailed phytogeographical analyses of particular areas, with quantitative assessments, are the subject of special publications (e.g., Ali & Qaiser 1986) . Such assignments and analyses can also be found in taxonomic reviews (e.g., Skvortsov 1966; Menitsky 1986 Menitsky , 1992 Budantsev 1998; Kurosawa 2006) , and this practice is especially common in the Russian school of plant taxonomy and phytogeography.
Generally, a geographical element is a group of species with a similar distribution pattern. Tolmachev (1974: 134) mentioned that 'species … having more or less similar geographical distributions are regarded as a geographical element of a particular flora, and the element is named according to the details of such a kind of distribution'.
The term 'element' appeared in early works on phytogeography (e.g., Christ 1867; Engler 1879). The modern approach in phytogeographical analysis is connected with works of Braun-Blanquet (1919 , 1923 and Eig (1931) . Braun-Blanquet (1923: 32) stated that 'l'élément phytogéogra-phique est l'expression floristique et phytosociologique d'un territoire étendu défini; il englobe les 'sippes' et les collectivités phytogéographiques caractéristiques d'une région déterminée'. A similar definition of 'geographical element' was made by Davis (1965) : '[a phytogeographical] element … is a taxon confined or centered in one phytogeographical region (or province). A species whose maximum abundance is clearly in one region is treated as an element of this region. Such an element may occur locally in communities of another region, or in association with other elements of its own region, forming enclaves isolated from the main area'. Such an approach is often called a flo- ristic one in the classification of geographical elements (Portenier 2000a ), but Yurtsev and Kamelin (1991: 43) defined it as 'chorionomic' and also distinguished 'coordinate' and 'relative' types of geographical elements.
Here I follow the above mentioned floristic (chorionomic) approach to the classification of geographical elements. Recently this approach was developed by Portenier (2000a, b) in connection with work on the flora of the Caucasus. According to his concept, the term 'geographical element' is connected with phytochoria of various ranks (kingdoms, subkingdoms, regions, provinces, etc.) . A geographical element is a set of species comprising the nucleus of a flora of a concrete phytochorion, and such species also are members of plant communities determining the specificity of the vegetation of the phytochorion.
As the basic phytochorion for the current analysis I selected the floristic region, although in other cases (depending on the aim and scope of the analysis) other levels of floristic division could be selected (e.g., province or even district).
It is not problematic to assign a species to a geographical element if it occurs within the limits of a single floristic region only. In this case the name of the element usually repeats the name of the phytochorion. The situation is more complicated if a species occurs in two or more floristic regions without evident preferences for one or the other. In this case one can consider 'plantes de liaison' (Eig 1931: 13) , binding species (or elements) (Portenier 2000a), or bi-and pluriregional elements (Ali & Qaiser 1986) .
I follow Portenier (2000b) in treating geographical elements as clustered into groups of elements which mainly correspond with the scheme of floristic subkingdoms or kingdoms.
Material and methods
The distribution of every species of E. subg. Esula was analyzed and compared with the accepted scheme of floristic zoning (see below). For data on the geographical distribution of species, standard floras, the World Checklist of Euphorbiaceae (Govaerts et al. 2015) and especially the 'Euphorbia Planetary Biodiversity Inventory database' (Riina & Berry 2015) were used. However, in several cases, especially for species occurring in areas of my special interest (Eastern and Central Europe, the Caucasus, Asia Minor, Central Asia, Siberia), original data from herbarium holdings (first of all LE, but also AA, BAK, BM, E, ERE, FRU, K, KW, MHA, MW, P, TASH, TBI, TGM) were very important. accepted scheme of floristic zoning
The most developed and generally accepted system of floristic regions, proposed by Takhtajan (1986) , was selected as the basis for this work, modified as described below.
1. The East Asian region is separated into SinoJapanese and Sino-Himalayan regions; their limits generally match those of the Sino-Japanese and Sino-Himalayan subkingdoms proposed by Wu and Wu (1998) , but the Sino-Himalayan region is extended to cover all of the Western Himalayas, as recently proposed by Kamelin (2010) .
2. The Crimean-Novorossiysk province is moved from the Mediterranean to the Circumboreal region, as proposed by Portenier (2000a) .
3. The Hyrcanian province is moved from the Irano-Turanian to the Circumboreal province. Although its flora contains several Irano-Turanian elements, it has more links with Caucasian and Euxine provinces, which are traditionally placed in the Circumboreal province.
4. The limit between the Circumboreal and Irano-Turanian regions is changed such that the Altay-Dhungarian and Tuva-Mongolian provinces recently proposed by Kamelin (2010) are placed in the Circumboreal region.
As mentioned above, geographical elements are clustered into groups of elements according to the scheme of floristic subkingdoms (sometimes kingdoms). Takhtajan's (1986) scheme was accepted as the basis for such clustering, but with some important additions recently proposed by Kamelin (2012): 1. The East Asian subkingdom covering the Sino-Japanese and Sino-Himalayan regions is added.
2. A new South African kingdom is added, covering not only the Cape region but also much more extensive areas of South Africa: the Karoo-Namib region, the south part of the Tongoland-Pondolan province of the Uzumbara-Zululand region, and the montane part of the Zambesian province of the Sudano-Zambesian region in Takhtajan's system.
species composition
The species composition and sectional delimitation of Euphorbia subg. Esula are generally accepted according to Riina et al. (2013) , with the following amendments.
Euphorbia lathyris L. (the only species of section Lathyris Dumort.) is excluded from the analysis because it is impossible to determine its native area: it is found in the wild in the Mediterranean area, Central Europe and East Asia, but it is unclear which area is primary. It is likely that this species was developed in cultivation.
Euphorbia The New World species of section Tithymalus (Gaertn.) Roep. are accepted according to a recent revision .
Euphorbia section Esula (Pers.) Dumort.: E. discolor Ledeb. is excluded from the analysis, because this name is a later homonym; the information connected with this name should be attributed to E. borealis Baikov (Baikov 2007 Euphorbia ensifolia Baker from Madagascar, close to section Esula according to Riina et al. (2013) , is not included in the analysis because I have doubts as to its belonging to E. subg. Esula.
Results
In total, 466 species were included in the analysis. Following the above proposed concept I have separated 29 geographical elements clustered in ten groups of elements. The results of the analysis are summarized in Tables 1 and 2 .
Below are brief descriptions of all elements, with lists of the species assigned to them. Uniregional elements have the same names as those of the floristic regions; it is assumed that the distribu-tion areas of species belonging to those elements are within the particular region. Central European provinces. Most of the species of this group are weeds, and it is impossible to separate their primary and secondary distribution areas. Species (8
, E. stricta L., E. taurinensis All.regional). Plants occurring in both the Mediterranean (usually western) and Macaronesian regions. It is quite possible that at least some of these species originally occurred in the Mediterranean only and then were introduced to Macaronesia, but it is now impossible to present indisputable evidence of this. Species (7): E. dendroides L., E. hirsuta L., E. lagascae Spreng., E. pterococca Brot., E. segetalis L., E. sulcata Lens ex Loisel, E. terracina L. 12. Submediterranean element (uni-or pluriregional). This element incorporates species having different distribution patterns but in some way connected with the Mediterranean region. Within this element at least three principal groups can be separated: (a) species occurring in the Mediterranean region itself (usually at higher elevations) and also in neighboring areas like the Balkans, Caucasus, Crimea or Anatolia (E. myrsinites, E. flavicoma, E. rigida, etc.); (b) species found in the Mediterranean and/or at the western edge of the IranoTuranian region and at the same time in southern parts of the Circumboreal region, where such plants are usually restricted to 'Mediterraneanlike' habitats such as exposed rocks or limestone outcrops (E. condylocarpa, E. glareosa, E. petrophila); (c) species endemic to mountain systems located at the northern border of the Mediterranean, or local endemics to areas adjoining the Mediterranean (Crimean-Novorossiysk, Euxine, Illirian provinces) and occupying 'Mediterraneanlike' habitats (E. heldreichii, E. orphanidis, E. panjutinii) . Species (32) The Boreal group of elements is represented by 91 species (19.54%) and is second in terms of species number. Species of the Euro-Siberian element clearly dominate this group (89.01% of total number of species in the group). It needs to be pointed out that most species of the Euro-Siberian element are restricted to western or southern parts of temperate Eurasia (Atlantic-European, Central European, Illyrian, Euxine, Caucasian provinces) and also to the Altay-Sayan and Altay-Dzhungar provinces. If we were to use another scheme of floristic subkingdoms for the analysis, such as that of Kamelin (2010) who included the Caucasus and Balkans into the Tethyan floristic subkingdom, about a quarter of the Euro-Siberian species (first of all endemics and subendemics to the Caucasus and Balkans) could be assigned to the Tethyan group. Species of the Boreal group belong to only seven sections and do not dominate any of them.
Species of the Boreal group occur in both the Old World (Euro-Siberian and West-Palearctic elements, 83 species) and the New World (North American Atlantic and North American elements, 8 species). The latter belong to two sections only (Helioscopia and Tithymalus).
The East Asian group of elements is third in terms of number of species (40, 8.58%). Those species are equally divided between two elements, but there are no species with a wide distribution in the whole East Asian subkingdom. East Asian species are found in five sections, but mostly in sections Holophyllum, Helioscopia and Esula. Two species of section Pithyusa and one of section Arvales classified here as belonging to the Sino-Himalayan element could in fact occur in exclaves of the Tethyan flora in the Himalayas; this remains to be clarified.
Tethyan, East Asian and Eurasian representatives of the Boreal groups belong to 13 elements and comprise 383 species or 82.19% of the total number of species in the subgenus. It is clear that the territory of the Tethyan, Boreal (Old World part) and East Asian floristic subkingdoms (in fact, the whole of temperate Eurasia and North Africa) is the main area of the modern diversity of subgenus Esula.
Other groups of elements contain many fewer species but should be thoroughly analyzed because these data can provide very important phylogenetic and phytogeographic information.
There are 38 species of E. subg. Esula native to the New World. Species belonging to the Madrean group of elements (26 species, 5.58% of the total number) clearly dominate them, so the Madrean floristic region could be regarded as the center of the modern diversity of E. subg. Esula in the Americas. Eighteen species occur strictly within the limits of the Madrean region, and the other 8 (Submadrean element) extend into neighboring areas. Species of the Madrean group are represented mainly by section Tithymalus (25 species); the only exception is E. alta from section Helioscopia.
Besides species of the Madrean group and the above-mentioned 8 species of the Boreal group in the New World, there are also 3 species of the Caribbean group (with a single Caribbean element) and the enigmatic E. philippiana -a single species of the subgenus native to South America (described from central Chile). Two Caribbean species belong to section Tithymalus and one (E. trichotoma) to section Paralias.
The Sudano-Zambesian element (22 species) clearly dominates the Paleotropical group (23 species). Species of this group belong to sections Helioscopia, Aphyllis and Esula. The Madagascan group, with a single element, contains only 3 species: 2 of them (E. emirnensis, E. orthoclada) occur in Madagascar itself, and one is endemic to the island of Réunion, belonging to the Madagascar floristic region. The South African group contains 16 species, and the pluriregional South African element (species with a comparatively wide distribution) is the largest in this group. Only 4 species belong to the Cape element; they are restricted to the Cape province/region, known for its high endemism. Species assigned to the South African and Madagascan groups belong to sections Aphyllis and Esula.
The Indo-Malesian group is represented by E. rothiana, with a comparatively wide distribution (Indo-Malesian element), and E. reineckei, endemic to Samoa (Fijian element); both are members of section Esula.
The Golantarctic group is represented by 2 species: E. philippiana (Chile-Patagonian element), mentioned above, and E. glauca (Neozeylandic element).
geographical analysis of largest sections
The members of section Helioscopia, the largest section in the subgenus (132 species), belong to 15 elements clustered in seven groups. As in the whole subgenus, the Tethyan group (73 species, 56.06%) predominates. However, Mediterranean species (37) are more than twice as numerous as Irano-Turanian species (18); this may reflect the more mesic character of habitats preferred by species of this section . A significant number of species (35, or 26 .52% of the total number) belong to the Euro-Siberian element. Like the majority of Euro-Siberian species of the whole subgenus, members of section Helioscopia inhabit the Atlantic-European, Central European, Illyrian, Euxine and Caucasian provinces, but 7 species are restricted to the Altay-Sayan and AltayDzhungar provinces. Two species of this section are also found in the New World, and 5 are found in tropical Africa. The section is absent from South Africa and Madagascar, however.
Ninety-eight species of section Esula, the second highest number of species in the subgenus, belong to 16 elements clustered into eight groups. More than a third of its species (34 species, 34.69%) belong to the Euro-Siberian element. Species belonging to this section (e.g., E. borodinii, E. gmelinii, E. korshynskyi, E. lenensis) have the northernmost distribution (reaching to the Arctic Circle) of all species of the genus Euphorbia. Ten species of this section belong to the East Asian group, mostly to the Sino-Japanese element. Several Euro-Siberian taxa of section Esula probably are in the process of intensive modern speciation, so species delimitation is uncertain and disputable in several taxonomic groups, for example the E. esula L. s.l. complex (Geltman 1996 (Geltman , 1998 or E. illirica Lam. and closely related species (Geltman 2009 ).
In section Esula there are 24 species in the Tethyan group (24.49%). Most of them belong to the Irano-Turanian element and there are only 3 Mediterranean species. Twenty-five species of section Esula occur in tropical Africa, South Africa and Madagascar (Paleotropical, South African and Madagascan groups of elements). There are also 2 species of the Indo-Malesian group (one of them endemic to Samoa) and one endemic to New Zealand. All these species form two well-supported clades which lie outside the temperate Eurasian species .
Section Pithyusa contains 54 species that belong mainly to the Tethyan group of elements (47 species, 87.04%), and the number of IranoTuranian species is more than twice that of the Mediterranean species. This section is well known for having the highest proportion of Submediterranean species (10 species, 18.52%).
Members of the mostly New World section Tithymalus (40 species) are shared between Madrean (25 species, 62.5%), Tethyan (8, 20%) and Boreal (5, all native in the New World, 12.5%) groups.
Section Holophyllum, with 27 species, has a good representation in the East Asian subkingdom (66.97%) and there are also 3 Euro-Siberian species restricted to southern Siberia and northern Mongolia. Other representatives of this section belong to the Tethyan group, mainly to the Irano-Turanian element, but one species (E. isatidifolia) occurs in the Iberian Peninsula and shows a considerable disjunction from the rest of the section.
Twenty-three species of section Aphyllis are separated into two subsections ); this separation is based on several molecular trees, morphological differentiation, and geographical distribution patterns Barres et al. 2011) . Subsection Macaronesicae (11 species) has an exclusively Macaronesian distribution. Species of E. subsect. Africanae (12 species) occur in Africa and Madagascar and belong mainly to the Sudano-Zambesian element (7 species).
Other sections are comparatively small (less than 15 species, sometimes 1-3) and, as mentioned above, have mainly a Tethyan distribution. geographical analysis and phylogeny of the subgenus Data presented here clearly show that the Tethyan floristic subkingdom and adjacent areas are the center of the modern diversity of E. subg. Esula. Very likely, such diversity is the result of intensive speciation that took place here during the EoceneMiocene. Horn et al. (2014) estimated the age of the crown clade of Euphorbia at ca 47.8 Ma and also showed that the divergence of the main lineages within E. subg. Esula took place between ca 38 and 10 Ma. This speciation probably proceeded under the influence of two processes: shrinkage of Paratethys (with the formation of desert areas) and Alpine orogenesis. There are some grounds for speculating that orogeny was more important in this, because there are few true desert species of the subgenus.
Only after the formation of the main clades (taxonomically separated as sections) did some species representing such groups migrate to areas outside the original center of diversity. Riina et al. (2013) suggested that there were four independent migrations of the subgenus to the New World, and at least three into tropical and South Africa. The New World species of section Tithymalus are likely the result of intensive speciation after a single introduction from the Mediterranean area.
It is likely that the colonization of boreal areas of Eurasia took place comparatively recently (although a special phylogeographical study in this area would be desirable) and that it involved representatives of only a few sections, mostly Esula, Helioscopia, and Holophyllum. It seems strange that there are no native species of section Esula in temperate areas of the New World and that they did not use the Beringian land bridge although some of them (e.g., E. lenensis) are found in Siberia near the Arctic circle.
Long-distance dispersal seems the best explanation for the isolated occurrence of some species. The presence of E. glauca in New Zealand and E. reineckii on Fiji, at least, is impossible to explain by any schemes of land bridges and continental movements.
